Dyslexia is the most common developmental language disorder and is marked by deficits in reading and phonological awareness. One theory of dyslexia suggests that the phonological awareness deficit is due to abnormal auditory processing of speech sounds. Variants in DCDC2 and several other neural migration genes are associated with dyslexia and may contribute to auditory processing deficits. In the current study, we tested the hypothesis that RNAi suppression of Dcdc2 in rats causes abnormal cortical responses to sound and impaired speech sound discrimination. In the current study, rats were subjected in utero to RNA interference targeting of the gene Dcdc2 or a scrambled sequence. Primary auditory cortex (A1) responses were acquired from 11 rats (5 with Dcdc2 RNAi; DCϪ) before any behavioral training. A separate group of 8 rats (3 DCϪ) were trained on a variety of speech sound discrimination tasks, and auditory cortex responses were acquired following training. Dcdc2 RNAi nearly eliminated the ability of rats to identify specific speech sounds from a continuous train of speech sounds but did not impair performance during discrimination of isolated speech sounds. The neural responses to speech sounds in A1 were not degraded as a function of presentation rate before training. These results suggest that A1 is not directly involved in the impaired speech discrimination caused by Dcdc2 RNAi. This result contrasts earlier results using Kiaa0319 RNAi and suggests that different dyslexia genes may cause different deficits in the speech processing circuitry, which may explain differential responses to therapy.
Introduction
Dyslexia is the most common developmental communication disorder and is diagnosed by poor reading scores in the presence of normal, nonverbal intelligence (Shaywitz, 1998; Catts et al., 2005; Peterson and Pennington, 2012) . Individuals with dyslexia often have deficits in tasks involving phoneme deletion or switching, word rhyming, and nonword reading (Schulte-Körne, 2010; Vandermosten et al., 2010; Farquharson et al., 2014) . Impaired phonological awareness may make reading more difficult because the mapping from phonemes to graphemes is compromised (Temple et al., 2000; Hornickel and Kraus, 2013; Centanni et al., 2014a) . Phonological interventions are helpful but do not benefit all children (Simos et al., 2007; Odegard et al., 2008; Davis et al., 2011) . Genetic factors may contribute to the inconsistency in intervention success rates (Eckert, 2004; Galaburda et al., 2006; Odegard et al., 2008; Newbury et al., 2011; Pinel et al., 2012) .
Dyslexia is highly heritable with a 68% concordance rate among monozygotic twins (DeFries et al., 1987; Pennington et al., 1991) . There are currently four candidate-dyslexia genes identified by replicated studies: DCDC2, KIAA0319, DYX1C1, and ROBO1. These genes are involved in neural migration, and suppression of any of these genes leads to abnormal cortical structure in rodents (Galaburda et al., 2006; Bai et al., 2008; Szalkowski et al., 2013) . However, many individuals with dyslexia have variants in multiple genes, which makes it difficult to understand the role of specific mutations on the underlying mechanisms of the disorder. A better understanding of the role each of these genes plays in causing the phenotype of dyslexia may lead to more effective early diagnostic tools and might prove useful for selecting the most effective intervention for each child.
Similar to KIAA0319, variants in DCDC2 have been linked with reading and spelling impairments in humans with dyslexia and poor phonological awareness (Scerri et al., 2011; . Distinctly, variants in DCDC2 have been linked to poor serial visual search in humans (Sireteanu et al., 2008; Vidyasagar, 2013) , whereas KIAA0319 variants have no known association with visual processing deficits. In the knock-out mouse, elimination of Dcdc2 protein corresponds with increases in the NMDA receptor subunit Grin2B, which possibly contributes to increased excitability in cortical neurons (Truong et al., 2014) . Increased excitability may lead to difficulty maintaining focused attention on a long stream of distractors, similar to difficulties observed in humans with dyslexia completing serial visual search tasks (Lind et al., 2010; Schulte-Körne and Bruder, 2010; Danelli et al., 2013; Gori et al., 2015) . In addition, microdeletions in this gene have recently been linked to visual motion deficits in some individuals with dyslexia (Cicchini et al., 2015) . It is therefore unknown whether the gene DCDC2 contributes to auditory processing deficits or whether this gene contributes solely to grapheme recognition deficits.
Rats are a useful model for speech sound processing and have been used to evaluate the correlation between brain responses and behavior in a variety of language and communication disorder models (Centanni et al., 2014a,b; C. T. Engineer et al., 2014a C. T. Engineer et al., , c, 2015 Reed et al., 2014) . Suppression of another candidatedyslexia gene, Kiaa0319, causes inconsistent neural firing in primary auditory cortex (A1) in response to auditory stimuli (Centanni et al., 2014a) and impairs behavioral performance on phoneme discrimination tasks (Centanni et al., 2014b) . Knockout of Dcdc2, however, causes impaired performance on a spatial maze task , which requires multitasking and attention switching. Increased neural excitability is likely to contribute to difficulty in navigating an environment with many distractors.
In the current study, we acquired A1 microelectrode recordings in rats with in utero suppression of Dcdc2. We also evaluated behavioral performance on a variety of speech sound discrimination tasks and tested whether such training causes cortical plasticity. These studies were designed to test the hypotheses that reduced expression of the dyslexia-candidate gene Dcdc2 (1) impairs behavior and (2) alters neural responses to auditory stimuli, including speech sound streams.
Materials and Methods
Animals. Subjects were Wistar rats that were 3-6 months old at the time of study. All rats used were subjected as embryos to in utero electroporation targeting lateral regions of neocortex that included the auditory cortex by methods described previously (Bai et al., , 2008 Threlkeld et al., 2007; Burbridge et al., 2008) . The animals were transfected with either an shRNA against Dcdc2, which can decrease the Dcdc2 protein expression in cell culture (Tarkar and J.J.L., unpublished observation) and cause migration delay in embryonic neocortex that can be rescued by expression of exogenous Dcdc2 (Burbridge et al., 2008) or a scrambled control sequence. To ensure differences due to surgical procedure were minimized, littermate controls were used. Control transfection animals received a scrambled sequence control of Dcdc2 shRNA, also previously used, that contained 6 bases in the sequence scrambled to render the shRNA inactive in terms of reducing Dcdc2 expression (Burbridge et al., 2008) . Dcdc2 shRNA and scrambled shRNA constructs were injected at a concentration of 1.0 g/l. pB-GFP was cotransfected with the effective shRNA construct, and pB-mRFP was cotransfected with the scrambled Dcdc2 shRNA control construct to identify the experimental condition in postexperimental histological analysis. Electroporation paddles were placed in a horizontal plane, and voltage pulses were discharged across the cerebrum in both polarities to achieve bilateral transfections. The day of transfection and the orientation of the paddles were to ensure targeting of layer 2/3 pyramidal cells in bilateral auditory cortex.
Experimenters remained blind to the experimental status of each subject throughout data collection and analysis. Following data collection, each subject was perfused transcardially with 250 ml of 0.1 M phosphate buffer solution with 0.02% heparin, followed by 500 ml of 4% formalin solution in 0.1 M phosphate buffer. Sections were taken at 80 m intervals and analyzed under a confocal microscope (Zeiss) to identify the experimental status of each subject (green florescent protein marked experimental subjects and red florescent protein marked control littermates). The location and density of affected cells were marked on standard images by an experienced researcher who was blinded to the experiential status of the animal (e.g., DCϪ or control). Custom MATLAB programming (The MathWorks) was used to count the colored pixels on each slice. This number was then normalized and served as a unit of the amount of transfection.
All animal protocols were approved by the University of Connecticut and University of Texas at Dallas Institutional Animal Care and Use Committees.
Behavioral paradigm. We trained 8 rats to discriminate a target speech sound (/dad/) in 4 different contexts. Of these rats, 3 received RNAi of Dcdc2 (2 males; DCϪ) and 5 received scrambled RNAi and served as controls (1 male). This ratio of DCϪ to control animals was due to the fact that we were unaware of each animal's experimental status during training. Because these were littermate controls, we trained the full litter and determined whether each rat was DCϪ or control following the study. The behavior tasks we tested are described in detail previously and are identical to those used in our previous studies of Kiaa0319 RNAi in rats (Centanni et al., 2014a,b) . Briefly, rats were trained to respond to a target sound /dad/ using either a lever press or by withdrawal from an infrared-monitored nose poke. Rats were then trained to wait for the presentation of a target sound before making a response. Once rats reached a dЈ of Ն1.5 for 10 sessions, they were tested for a minimum of 20 sessions on each of four discrimination tasks (Green and Swets, 1966) .
The isolated speech task consisted of a go-no go paradigm in which rats were trained to press a lever in response to the target sound and to reject each of seven distractors: /dad/ versus /bad/, /gad/, /sad/, /tad/, /dud/, /deed/, /dood/ (C. T. . Rats were rewarded with a food pellet if they pressed within 3 s (s) of the target and punished with a 6 s time out for false alarms. The speech-in-noise task used the same stimuli with the addition of four levels (0, 48, 60, 72 dB SPL) of continuous speech-shaped background noise . This task was chosen because of the known difficulty of children with dyslexia to discriminate speech sounds in background noise (Ziegler et al., 2009 ). The truncated speech task was identical to the go-no go discrimination task, except that only the first 40 ms of each speech sound was presented (Porter et al., 2011) . This task was chosen to examine discrimination of individual phonemes, which is a core deficit in dyslexia (Ramus, 2014). These three tasks used a lever press response mechanism. The speech stream task used an infrared-monitored nose poke and involved the presentation of a random sequence of distractor sounds (/bad/, /gad/, /sad/, /tad/), with the target sound (/dad/) inserted randomly between 2 and 7 s from the start of the trial. Sounds were only delivered while the rat's nose was inside the nose poke and were presented at six different speeds between 2 and 20 syllables per second (Centanni et al., 2014c) . Blocks of 20 trials were presented at the same presentation rate, and the rate of each block was randomized. Rats were rewarded with a food pellet if they removed their nose within 500 ms of the target and punished with a 6 s time out for false alarms. Percentage correct is reported as the average hit rate minus the false alarm rate for each task.
Anesthetized recordings. Multiunit recordings were acquired from auditory cortex of all rats: 11 without any behavioral training (N ϭ 5 DCϪ/2 males and N ϭ 6 controls/3 males) and 7 following behavioral training (N ϭ 3 DCϪ/2 males and N ϭ 4 controls/1 male; one trained control rat died during surgery). The recording procedure is explained in detail previously (Centanni et al., 2013) . In brief, animals were anesthetized with pentobarbital (50 mg/kg) and given supplemental dilute pentobarbital (8 mg/ml) as needed to maintain areflexia, along with fluids to prevent dehydration. Auditory cortex was exposed via craniotomy and durotomy. Four Parylene-coated tungsten microelectrodes (1-2 M⍀) were simultaneously lowered to layer IV of right auditory cortex (ϳ600 -800 m).
Brief tones were presented at 90 randomly interleaved frequencies (1-48 kHz) at 16 intensities (0 -75 dB SPL) to determine the characteristic frequency of each site. Tones had 5 ms cosine squared ramps, and their total duration was 25 ms. Auditory fields were identified by characteristic frequency, latency, and direction of tonotopic organization (Polley et al., 2007; Centanni et al., 2013) . Additional stimuli were randomly interleaved and presented at 20 repeats per recording site. Broadband noise was presented in trains of six 25-ms-long bursts at four different presentation rates (4, 7, 10, and 12.5 Hz). Broadband stimuli contained evenly distributed frequencies between 1 and 32 kHz. We also presented 8 English consonant-vowel-consonant speech sounds (/bad/, /dad/, /gad/, /sad/, /tad/, /dud/, /deed/, and /dood/) previously tested in our laboratory (C. T. Centanni et al., 2013) . Sounds were shifted up 1 octave using the STRAIGHT vocoder to better match the rat hearing range (Kawahara, 1997). Each sound was calibrated so that the most intense 50 ms of the stimulus length was 60 dB SPL. All sounds were presented ϳ10 cm from the left ear of the rat.
In behaviorally naive controls, we acquired 258 A1 recording sites. In behaviorally naive DCϪ rats, we acquired 229 recording sites from A1. In behaviorally trained controls, we acquired 169 sites and 127 A1 sites in behaviorally trained DCϪ rats.
Analysis of neural recordings. To identify the location of A1, an experienced observer, blinded to the location of each recording site, manually analyzed multiunit recording sites to select the characteristic frequency of each site, as well as to obtain bandwidth, latency, peak firing, and end of peak response information. Basic firing properties were calculated in response to tones. Firing latency is defined as the point in time (ms) that average firing rate (across all repeats) first exceeds 2 SDs above the spontaneous firing rate, threshold is defined as the lowest intensity that evoked a response from the multiunit site, and bandwidths were calculated at 10, 20, 30, and 40 dB above threshold and defined as the range of frequencies that evoked responses at the current intensity. In response to broadband click trains, normalized spike rate (number of spikes evoked by bursts 2-6, normalized by the number of spikes to the first burst) and vector strength (VS) were calculated. This metric measures the degree of synchronization between action potentials and repeated sounds. Mean VS is calculated with the following formula:
where n is the total number of action potentials, t i is the time of occurrence of the ith action potential, and T is the interstimulus interval. Perfect synchronization would result in a value of 1, whereas no synchronization would result in a value of 0. To investigate the reliability of response latency to repetitive stimuli, we calculated the time to peak latency within the first 80 ms (the shortest interpulse interval tested) of the first pulse at 4 Hz and averaged across multiunit sites. The variability (variance) in this measure across trials was compared across DCϪ and controls. We used two different classifier algorithms to evaluate single trial neural responses to speech sounds. For isolated speech sounds, we used a nearest neighbor classifier (Foffani and Moxon, 2004; Centanni et al., 2013 Centanni et al., , 2014a . For the continuous speech sounds, we used a sliding window classifier (Centanni et al., 2014c) . We chose these methods because our earlier studies showed that the performance of these classifiers is highly correlated with rat behavioral discrimination in isolated and speech stream discrimination tasks, respectively (C. T. Ranasinghe et al., 2012; Centanni et al., 2013 Centanni et al., , 2014b . Both classifiers used Euclidean distance to compare single trial peristimulus time histograms (PSTHs) to the average PSTH evoked by 19 repeats each of the different stimuli. Previous work has demonstrated that, although the brain relies on temporal precision to encode consonant sounds, the brain likely relies on response intensity over a longer time period to encode different vowel sounds (Perez et al., 2013) . Therefore, for consonants, activity was binned using 1 ms bins over a 40 ms window to encompass the spike timing precision present in the initial consonant, whereas vowel activity was analyzed across a single 400 ms bin so that spike count information was preserved. The classifier then compared the response of each single trial with the average activity template (PSTH) evoked by all repeats of each of the speech stimuli presented. The current trial being considered was not included in the PSTH template to avoid artifact. For isolated speech sounds, the classifier attempted to identify the stimulus that evoked the current single trial activity pattern by selecting the template that was most similar to the single trial in units of Euclidean distance (ED). For continuous speech sounds, the classifier evaluated similarity within a sliding, 40 ms window. Following analysis of the entire sequence (in 40 ms, sliding windows), the classifier guessed the target sound's location based on the "best fit" to the template. ED was calculated using the following formula:
where # sites is each recording site and # bins is each of 40 1 ms bins being compared between activity evoked by speech sound X versus speech sound Y. For vowel sounds, the classifier counted the number of action potentials over the single 400 ms bin and compared the single trial response with the two PSTH templates.
Statistics. We used multiway ANOVAs and t tests for all pairwise comparisons. To determine differences across multiple days of testing or across multiple groups, an ␣ of 0.01 was used to correct for multiple comparisons.
Results

Transfection efficacy
Previous experiments using this RNAi technique report that generally Ͻ5% of cells (as analyzed after birth) are affected by the transfection (Threlkeld et al., 2007; Centanni et al., 2014a,b) . Despite this low number of surviving affected cells, RNAi of other candidate-dyslexia genes are well known to cause anatomical, neural firing, and behavioral impairments (Threlkeld et al., 2007; Szalkowski et al., 2012 Szalkowski et al., , 2013 Centanni et al., 2014a,b) . There was no significant difference in the amount of transfection that occurred between DCϪ rats and control rats using a normalized pixel count of the affected area (see Materials and Methods; 0.81 Ϯ 0.1 in DCϪ rats vs 0.78 Ϯ 0.1 in control rats; unpaired t test, p ϭ 0.76). The efficacy of the RNAi in the current study was not statistically different from that used in our previous studies of RNAi of Kiaa0319 (unpaired t test; p ϭ 0.77). This result suggests that the process was not more or less effective when a gene was targeted compared using a scramble control plasmid. We did not see any evidence of other effects of the RNAi procedure, such as ectopia at the injection site. This result supports previous work demonstrating the effectiveness of this technique Burbridge et al., 2008; Centanni et al., 2014a,b) .
Behavioral performance is only impaired during speech stream discrimination A group of 8 rats (5 control, 3 DCϪ) were trained on four speech sound discrimination tasks. All rats were able to successfully learn to press a lever in response to the target sound /dad/. There was no difference in the amount of training time needed to reach a dЈ Ͼ1.5 for two consecutive sessions correct across groups (8 Ϯ 2.3 d for DCϪ rats vs 7 Ϯ 1.5 d for control rats; unpaired t test, p ϭ 0.72). This result suggests that suppression of the gene Dcdc2 does not affect basic task learning. When tested on an isolated speech task (press the lever to /dad/ and ignore /bad/, /gad/, /sad/, /tad/, /dud/, /deed/, and /dood/), there was no group effect (repeated-measures ANOVA, F (1,48) ϭ 0.2, p ϭ 0.67), although both groups improved over time (repeated-measures ANOVA, F (8, 48) ϭ 24.95, p ϭ 0.0001; Fig. 1A ).
There were no significant differences in either vowel discrimination (/dad/ vs /dud/, /deed/, and /dood/) or consonant discrimination (/dad/ vs /bad/, /gad/, /sad/, /tad/) across groups (all unpaired t tests; p Ͼ 0.06). There were also no differences in reaction time on this task (1372.7 Ϯ 170.1 ms in DCϪ rats vs 1469.9 Ϯ 108.8 ms in controls; unpaired t test, p ϭ 0.53). In the second task we tested, only the first 40 ms of the stimulus was presented, which contained the consonant information and the beginning of the transition to the vowel. This task was selected because this task was previously shown to be affected by Kiaa0319
RNAi as well as by brain damage (Porter et al., 2011; Centanni et al., 2014b) . Across 10 d of testing on this task, we saw no significant group differences ( p ϭ 0.18; Fig. 1B ). There were significant group differences in performance across noise levels but not across groups on the speech-in-noise task. During this task, rats performed the same discrimination task as the isolated speech task, but with each of four levels of speech-shaped noise in the background . Discrimination performance dropped by 23% in the 60 dB noise (0 dB SNR) compared with the 0 dB noise condition in DCϪ rats and by 19% in control rats (unpaired t tests of performance at 0 dB compared with performance at 60 dB, p ϭ 0.0001; Fig. 1C ). Neither group was able to reliably discriminate in 72 dB noise (Ϫ12 dB SNR; 43.6 Ϯ 1.6% correct in DCϪ rats vs 51.9 Ϯ 1.5% correct in controls; unpaired t tests for performance at 72 dB compared with chance performance of 50%, all p values Ͻ0.01; Fig. 1C ). Collectively, these results suggest that Dcdc2 RNAi does not impair the ability of rats to distinguish between speech sounds presented in isolation (sounds presented at 0.16 Hz).
Dcdc2 RNAi nearly eliminated the ability of rats to distinguish between specific speech sounds when presented at greater speeds. The target and distracter sounds were the same as in the isolated speech task; but for the speech stream task, the target sound was embedded in a continuous stream of nontarget speech sounds. The speech sounds were presented at a variety of presentation rates from 2 to 20 syllables per second (Centanni et al., 2014c) . Average performance in control rats over the final 5 d of this task was 65.2 Ϯ 10.7% compared with 33.8 Ϯ 2.3% in DCϪ rats (unpaired t tests, p Ͻ 0.001; Fig. 1D ). The impairment seen in the Behavioral results on speech discrimination tasks in trained control and trained DCϪ rats. Error bars represent SEM. A, B, Both trained DCϪ and trained control rats were able to accurately discriminate between isolated speech sounds and truncated speech sounds in quiet conditions. C, Both trained groups were able to accurately discriminate speech sounds in background noise that was as loud as the signal (60 dB SPL). Chance performance on isolated speech, truncated speech, and speech-in-noise tasks was 50% because half of stimuli presented were target sounds. D, Trained DCϪ rats were significantly impaired on the speech stream task. **p Ͻ 0.01. Chance performance for the speech stream task was 20% because there were many more nontargets than targets in the continuous speech stream.
DCϪ rats was due not to a significant reduction in correct responses ( Fig. 2A ), but to significantly more false alarms at every rate (unpaired t tests, p Ͻ 0.03; Fig. 2B ). To determine whether a specific sound was causing specific difficulty for the DCϪ rats, we counted the number of incorrect responses to the distractor sounds at each presentation rate for trained DCϪ rats (Fig. 2C ) and for trained control rats (Fig. 2D ). There was no main effect of distractor on response rates within groups (repeated-measures ANOVA, F (1,3) ϭ 2.62, p ϭ 0.07), although, as expected, there was a main effect of group (F (1,1) ϭ 9.07, p ϭ 0.01). We also observed an interaction between group and presentation rate: at faster presentation rates, DCϪ rats had fewer false alarm rates than at slower speeds, but control rats had more false alarms at slower speeds (F (1,5) ϭ 20.77, p Ͻ 0.0001). Because of our small sample size, we were unable to statistically measure correlations between RNAi efficacy and behavior to determine whether the amount of protein in the brain directly predicted behavioral performance (Pearson's r ϭ 0.77, p ϭ 0.44).
Greater false alarm rates could be due to increased excitability in the brain, leading to faster reaction times. To determine whether suppression of Dcdc2 increased excitability, we compared reaction times across groups. Trained DCϪ rats responded significantly faster than trained control rats at 2 of the 6 speeds (121 ms faster at 2 sps; p ϭ 0.02 and 83 ms faster at 10 sps; p ϭ 0.003). Previous work in humans with dyslexia has demonstrated that serial search tasks, similar to our speech stream task, often result in shorter reaction times in individuals with dyslexia (Sireteanu et al., 2008) . It is also possible that this gene is playing a role in increasing hyperactivity, as DCDC2 has also been linked with attention deficit hyperactivity disorder in humans (Scerri et al., 2011).
Neural responses to nonspeech sounds are altered in untrained DC؊ rats Several basic firing properties were significantly different in rats with Dcdc2 knockdown compared with controls, which may contribute to the observed behavioral impairments. DCϪ rats had a shorter onset latency (19.7 Ϯ 0.4 ms vs 22.3 Ϯ 0.7 ms; unpaired t test; p ϭ 0.003) and higher spontaneous firing (14.6 Ϯ 0.6 spikes vs 12.6 Ϯ 0.6 spikes; unpaired t test; p ϭ 0.03) compared with control rats (Fig.  3C,D ; Table 1 ). This result supports the hypothesis that suppression of Dcdc2 increases excitability in the brain. A1 neurons in DCϪ rats were better able to synchronize A1 activity to broadband noise bursts at 3 of the 4 speeds tested (all p values Ͻ0.001; Fig. 3E ). Unlike our previous report on the dyslexia-candidate gene Kiaa0319 (Centanni et al., 2014a) , knockdown of Dcdc2 did not increase response variability in A1 compared with controls (variance in onset latency; 41.2 Ϯ 2.5 ms 2 in DCϪ rats vs 45.2 Ϯ 3.6 ms 2 in control rats; unpaired t test; p ϭ 0.37).
Neural processing of speech in untrained rats
To determine whether the cause of the speech stream discrimination deficit was due to increased excitability in neural firing to speech sounds, we evaluated the precision of A1 responses to consonant and vowel stimuli using the raw neural signal as well as a well-documented nearest-neighbor classifier (C. T. Centanni et al., 2013; Perez et al., 2013) . We evaluated neural responses from behaviorally naive animals (N ϭ 6 controls and N ϭ 5 DCϪ rats) to determine the effects of Dcdc2 RNAi (Reed et al., 2011; C. T. Engineer et al., 2014b) . First, we observed no difference in the number of action potentials driven by isolated speech sounds across groups ( p Ͼ 0.10; Fig. 3A ). Using ED, we then quantified how uniquely consonant sounds were encoded in A1 both across groups and across sounds within groups. ED is a measure of similarity, and values closer to 0 indicate similar patterns, whereas values closer to 1 indicate unique patterns. Overall, neural responses to consonant sounds were distinct in each group (ED of 0.80 Ϯ 0.04 in DCϪ A1 vs 0.79 Ϯ 0.04 in control rats; unpaired t test, p ϭ 0.86). The observation that consonant sounds evoked unique patterns of activity in A1 of both groups supports the high degree of behavioral accuracy at discriminating these sounds.
We next evaluated the ability of a nearest-neighbor classifier to determine stimulus identity. When A1 activity from control rats was used, the classifier achieved 72.1 Ϯ 1.7% correct compared with 72.1 Ϯ 1.8% correct when using A1 activity from DCϪ rats to discriminate between consonant pairs (unpaired t test, p ϭ 0.98; Fig. 4A ). When using neural activity from DCϪ rats, the classifier did not perform significantly worse than controls on the vowel comparison tasks (unpaired t tests, p Ͼ 0.05; Fig. 4B ). We also compared auditory cortex activity over a larger area using the local field potential (LFP) response. The peak-topeak difference in the LFP response did not differ across groups (unpaired t test, p ϭ 0.59; Fig. 4C ). These responses indicate that A, Trained DCϪ rats did not differ in the amount of correct lever presses at any presentation rate compared with trained control rats. B, Trained DCϪ rats had significantly more false alarms than trained control rats at every presentation rate. *p Ͻ 0.05. C, D, Confusion matrix for response rates to distracter sounds by trained DCϪ rats (C) and trained control rats (D). Both groups of rats responded to all distracter sounds at similar levels within each presentation rate. DCϪ rats reduced their false alarm rates as presentation rate increased, whereas control rats increased their false alarm rates as presentation rate increased. Importantly, these panels are presented at different scales to show the interstimulus differences within groups.
there is not a large difference in the neural response to speech sounds in isolation after suppression of Dcdc2 in rats and that increased excitability in auditory cortex does not interfere with speech sound encoding. This result is in contrast with our previous result in Kiaa0319 knockdown rats, which had significant impairments in A1 encoding of both consonant and vowel stimuli (Centanni et al., 2014a) .
Although there was no difference in neural encoding of isolated consonant sounds in DCϪ rats, the rapid presentation of these sounds may have degraded the precision of the A1 response, as presentation rate is known to affect neural firing (Ahissar et al., 2001; . To test the hypothesis that rapid presentation degrades the neural response to consonant sounds by magnifying the effect of increased neural excitability, we recorded A1 responses to a sequence of speech sounds (/bad-bad-gad-sad-taddad/) presented at each of 6 rates (2, 4, 5, 6.7, 10, and 20 sps). Because of time constraints during neural recordings, we were only able to play a single sequence at each speed, but we have previously shown that speech sound order does not affect the overall pattern of results (Centanni et al., 2014c) . Throughout the duration of the target speech sound /dad/, neurons in DCϪ rats fired more action potentials than control rats at the fastest two presentation rates (unpaired t test, 10 sps: p ϭ 0.0005, 20 sps: p ϭ 0.0001) but were not different at the slower rates (all p Ͼ 0.13). Similarly, peak latency in response to the target sound /dad/ differed across groups in only 2 of the presentation rates, such that DCϪ rats' neurons responded more quickly to the target than control neurons (2 sps: p ϭ 0.008, 10 sps: p ϭ 0.01, all other rates: p Ͼ 0.08). Because of the minimal basic firing differences to the target sound at various presentation rates, we investigated the differences in the speech signal across the tonotopic organization of A1 (Fig. 5) . In response to rapidly presented speech sounds, the ED across sounds was not significantly different across untrained groups (0.83 Ϯ 0.04 in untrained DCϪ rats vs 0.83 Ϯ 0.06 in untrained control rats; unpaired t test, p ϭ 0.32). Variance in these two groups was also low: 0.008 in untrained DCϪ rats and 0.015 in untrained control rats.
We then used a different classifier (the continuous speech classifier; see Materials and Methods) that not only identified the onset of each sound in a sequence, but also identified the location of the target sound to evaluate the precision of speech stream encoding (Centanni et al., 2014c). There was no significant effect of group on classifier performance on sequences (repeatedmeasures ANOVA: F (1,1) ϭ 0.13, p ϭ 0.72). Unpaired t tests revealed that the classifier was significantly worse using activity from DCϪ compared with control A1 at only the fastest two presentation rates (Fig. 6A) . At 10 sps, the classifier achieved 44.5 Ϯ 0.7% correct using control recordings versus 39.3 Ϯ 0.8% correct using DCϪ A1 recordings ( p ϭ 0.001); and at 20 sps, the classifier achieved 26.8 Ϯ 1.26% correct using control recordings versus 20.8 Ϯ 1.8% correct using DCϪ recordings ( p ϭ 0.01). Because the neural classifier was only impaired at the fastest rates but the animals were behaviorally impaired at all rates, the continuous speech classifier does not explain the degree of behavioral deficit observed in these animals. These results suggest that, before training, the level of excitability in the brains of rats with suppression of Dcdc2 is not enough to interfere with neural encoding of speech sounds at the primary sensory level.
Extensive behavioral training alters neural responses
Following behavioral training, all rats were anesthetized, and a total of 296 recording sites were acquired from A1. Compared with trained controls, A1 neurons of trained DCϪ rats had shorter onset latency (18.11 Ϯ 0.70 ms in trained controls; unpaired t test; p ϭ 0.005), higher spontaneous firing rate (13.15 Ϯ 0.76 ms in trained controls; unpaired t test; p ϭ 0.00001), and more driven spikes (3.40 Ϯ 0.13 spikes/tone in untrained DCϪ; unpaired t test; p ϭ 0.0001; Fig. 3A-C ; Table 1 ). Compared with untrained DCϪ rats, trained DCϪ rats had a shorter onset and peak latency (onset latency: 15.63 Ϯ 0.41 ms in trained DCϪ vs Figure 3 . Summary of basic auditory firing differences in rats with Dcdc2 knockdown (DCϪ). Error bars represent SEM. Tone and speech responses differed by group. Vector strength was calculated using the number of spikes evoked by bursts 2-6, normalized by the number of spikes to the initial burst. A, There was no difference in the number of speech sound-driven spikes between untrained DCϪ rats and control rats, but training significantly increased these numbers in DCϪ rats. B, There was no difference in the number of tone-driven spikes between untrained DCϪ rats and control rats, but training significantly increased these numbers in both groups. **p Ͻ 0.01. C, Untrained DCϪ rats had a significantly shorter onset latency compared with untrained control rats. Training significantly shortened the onset latency in both DCϪ and controls. **p Ͻ 0.01. D, In the absence of a stimulus, A1 neurons in untrained DCϪ rats fired significantly more spontaneous spikes per second compared with untrained control rats. Training increased this spontaneous firing in DCϪ, but not in control rats. *p Ͻ 0.05. **p Ͻ 0.01. E, Before training, DCϪ rats had a significantly higher vector strength compared with control rats at 3 of the 4 presentation rates tested. **p Ͻ 0.01. F, Following training, DCϪ neurons had significantly higher vector strength compared with trained controls at 2 presentation rates but worse at the fastest rate. *p Ͻ 0.05.
19.72 Ϯ 0.38 ms in untrained DCϪ; unpaired t test; p ϭ 0.0001 and peak latency: 19.06 Ϯ 0.28 ms in trained DCϪ vs 22.54 Ϯ 0.57 ms in untrained DCϪ; unpaired t test; p ϭ 0.0001; Fig. 3C ; Table 1 ). Training also caused higher spontaneous firing rates (26.82 Ϯ 1.08 spikes in trained DCϪ vs 14.55 Ϯ 0.59 spikes in untrained DCϪ; unpaired t test; p ϭ 0.0001; Fig. 3D ), and more driven spikes (4.37 Ϯ 0.16 spikes/tone in trained DCϪ vs 2.96 Ϯ 0.12 spikes/tone in untrained DCϪ; unpaired t test; p ϭ 0.0001; Fig. 3 A, B ; Table 1 ). These results suggest that training increases the level of excitability in the brains of DCϪ rats.
Our results confirm the earlier observation that neural plasticity is not specific to the trained speech sounds (C. T. Engineer et al., 2014b) . Plasticity was also observed for nonspeech sounds. Vector strength was significantly greater in DCϪ brains compared with trained control brains on 2 of the 4 speeds tested ( p ϭ 0.0001; Fig. 3F ). Training also increased the precision of consonant and vowel-evoked patterns in A1 of DCϪ rats. The isolated speech classifier was significantly better at identifying the evoking consonant stimulus using neural activity from the A1 of trained DCϪ rats compared with untrained DCϪ rats (79.4 Ϯ 2.4% correct after training vs 72.1 Ϯ 1.8% correct before training, unpaired t test, p ϭ 0.02; Fig. 4A ) and was not significantly different from trained controls (compared with 75.9 Ϯ 1.9% correct in trained controls, unpaired t test, p ϭ 0.24; Fig. 4A ). Trained DCϪ neural activity was significantly better at predicting vowel stimuli compared with neural activity from untrained DCϪ ( p ϭ 0.04) but was still worse than trained controls ( p Ͻ 0.05; Fig. 4B ). Interestingly, training did not alter the peak-to-peak distance in the LFP response to isolated speech sounds (Fig.  4D) . Because the classifier relies on the presence of action potentials for its calculations, it was possible that increased excitability, caused by behavioral training, aided the isolated speech classifier and may do the same for the speech stream classifier.
However, despite training-related improvements to isolated speech classification, training caused a significant drop in performance in the continuous speech classifier at 4, 5, and 6.7 sps ( p ϭ 1.4e-4; Fig. 6A ). Because of difficulties during mapping, we were unable to acquire enough recordings to this stimulus set in control animals to evaluate the effect of training on the running speech classifier in controls (Centanni et al., 2014c) . However, the neural responses to the target sound /dad/ are significantly stronger in trained DCϪ rats compared with both groups of untrained rats (Fig. 5C ). In addition, although the variance in the Euclidean distance of DCϪ cortex in response to rapidly presented sounds following training was low (0.001), the ED values in this trained DCϪ group were significantly different from both untrained DCϪ rats (0.77 Ϯ 0.05; unpaired t test vs untrained DCϪ, p Ͻ 0.001) and untrained control rats (unpaired t test; p Ͻ 0.001). These results suggest that increased neural excitability, brought on by training-induced neural plasticity, interferes with neural encoding of rapidly presented speech sound stimuli.
We calculated firing rate to series of broadband noise bursts, presented at four rates (Fig. 5B) . Before training, there were no differences between control and DCϪ firing rates (two-way ANOVA; F (1,1) ϭ 1.19, p ϭ 0.28). Following training, DCϪ A1 fired significantly more not only compared with untrained groups, but also compared with trained controls (repeatedmeasures ANOVA; F (1,3) ϭ 38.17, p ϭ 0.001). Post hoc t tests reveal that trained DCϪ A1 fired significantly more than trained controls on 3 of the 4 speeds and more than both untrained groups at 3 of the 4 speeds (all p values Ͻ 0.0001). This dramatic increase in firing rates likely distorted the neural response to the 
Figure 4.
Effect of training on neural responses to and behavioral discrimination of speech sounds. Behavioral training improves precision of isolated, but not speech stream-evoked responses in DCϪ brain. A, Before training, there were no significant differences in neural classifier performance using activity from DCϪ A1 compared with control A1. Following training, DCϪ A1 was significantly better at precisely encoding consonant sounds, as measured by the classifier, compared with untrained DCϪ (*p Ͻ 0.05), and there was no significant change in controls. Chance performance for this task was 50%. Error bars represent SEM. B, Before training, there was no difference in the classifier's overall ability to identify vowel sounds using activity from DCϪ brains compared with control brains. Following training, DCϪ A1 was significantly better at precisely encoding vowel sounds, as measured by the classifier, compared with untrained DCϪ (*p Ͻ 0.05). Chance performance for this task was 50%. C, Before training, there was no peak-to-peak difference in the LFP response across groups to the speech sound /dad/ (unpaired t test; p ϭ 0.59). D, After training, there were also no significant differences in the peak-to-peak LFP response to /dad/ (unpaired t test; p ϭ 0.45).
target sound and therefore caused a drop in classifier accuracy. Recent work in a rat model of Rett syndrome suggests that some genetic mutations may disrupt neural plasticity (C. T. Engineer et al., 2015) . Typically, speech-sound behavioral training drives an increase in firing rates of A1 neurons tuned to low frequencies, as shown in the clustering of responses to low-frequency tones, shown in Figure 7A (red; Reed et al., 2011; . In our trained DCϪ rats, the intense firing to tones was localized to higher frequencies (Fig. 7B, red) . In comparing the two groups, we observed a significant increase in neural firing in DCϪ neurons across the tonotopic distribution of A1, as demonstrated by the decreased response to low frequencies in blue and the increased response to higher frequencies in red (Fig. 7C) . This result suggests that suppression of Dcdc2 fundamentally alters the properties of training-induced neural plasticity.
Discussion
Possible neural correlates of speech discrimination deficits
Recent work has demonstrated the link between Kiaa0319 suppression on behavioral impairments in rats, including speech discrimination deficits (Szalkowski et al., 2012 (Szalkowski et al., , 2013 Centanni et al., 2014a,b) . Auditory cortex neurons in rats with Kiaa0319 suppression have increased variability when responding to tones and speech sounds and a decreased ability to synchronize firing to broadband noise bursts (Centanni et al., 2014a) . This causes the . Neural classification results for speech sounds presented in a continuous stream using data from trained and untrained rats. Error bars represent SEM. A, Using a classifier that is able to determine target onset time from a stream of distractor sounds, performance was significantly worse using data from untrained DCϪ A1 at the fastest 2 of the 6 presentation rates. **p Ͻ 0.01. Following training, DCϪ neural responses were significantly worse than untrained DCϪ recordings at 5 of the 6 presentation rates (all significant differences in blue). **p Ͻ 0.01. For this task, 20% was chance performance. B, Training increases DCϪ neural firing rate to stimuli at a variety of speeds but does not affect control A1. Blue asterisks indicate significant difference between trained DCϪ and all other groups. Green asterisks indicate significant difference between the two trained groups.
typically clear and unique consonant-evoked patterns in A1 to be less temporally precise and therefore more difficult to distinguish from other consonant-evoked responses (C. T. Centanni et al., 2013 Centanni et al., , 2014a . This lack of precision is likely due to an effect observed at the cellular level: neurons without the Kiaa0319 protein have increased membrane resistance and therefore fire significantly more action potentials to the same amount of current injection compared with various controls (Centanni et al., 2014a) . This lack of millisecond temporal precision explains the difficulty of Kiaa0319 RNAi rats to discriminate short consonant stimuli, which themselves are only 40 ms long, and in the speech-in-noise condition, when the stimuli acoustics are degraded. In DCϪ animals, however, there was no onset-timing deficit in primary auditory cortex responses to rapid auditory stimuli and, indeed, no apparent degradation of the speechevoked response as a whole. There are several possible reasons why our recordings did not demonstrate abnormal timing at the cellular level. First, previous patch-clamp experiments were conducted in cells with complete gene knock-out, whereas our cells experienced only suppression. In the knock-out, expression of Grin2B, which is a type of NMDA receptor, was causally related to timing precision and increased neural excitability . It is possible that the animals in the current study were able to partially regulate these receptors with the amount of Dcdc2 protein available. Second, whereas previous work was conducted in a knock-out obtained through breeding, our study was conducted with genetic modification done surgically and in utero. We cannot rule out these possibilities, as mice do not have the behavioral control to train on our measures and the rat knock-out for this gene currently does not exist.
The extreme difficulty of DCϪ rats to perform the speech stream task, even at the slowest presentation rate (2 sps), is surprising, especially given the modest rapid speech response degradation in auditory cortex. Impaired processing speed is a common deficit in humans with dyslexia, as evidenced by poor performance on rapid automatized naming tasks (Norton and Wolf, 2012) . A processing speed deficit would not be visible in A1 and would explain the pattern of results described here. Another possibility is that the suppression of Dcdc2 is either increasing hyperactivity or causing impairments in sustained attention in these animals, as this gene is linked to attention deficit hyperac- Figure 7 . Effect of training on A1 responses to tones in control and DCϪ rats. Training causes widespread hyperactivation of A1 to tones in DCϪ rats. A, Following training, control rats showed high numbers of action potentials in response to tones Ͻ4 kHz, which mimics the frequency range of the stimuli used in training. Red areas represent strong responses. Blue areas represent weaker responses. B, Following training, DCϪ rats A1 responded strongly to tones Ͻ16 kHz. Red areas represent strong responses. Blue areas represent weaker responses. C, Tone-evoked spike counts are greater in trained DCϪ rats compared with controls. DCϪ rats were hyper-responsive to tones Ͼ4 kHz compared with control rats, which reflects a nonstimulus specific neural plasticity. Significant regions are outlined in white ( p Ͻ 0.05, false discovery rate corrected for multiple comparisons).
tivity disorder in humans (Scerri et al., 2011) . The possibility of increased hyperactivity is less likely because only one-third of the conditions in one of the behavior tasks demonstrated increased reaction time in DCϪ animals, and decreased reaction time has been shown in humans with dyslexia during serial search tasks (Sireteanu et al., 2008; Vidyasagar and Pammer, 2010) . The possibility of Dcdc2 suppression causing difficulties in sustained attention is supported by recent work demonstrating that knockout of Dcdc2 in mice causes persistent long-term memory deficits for visual stimuli . Future work is needed to test these hypotheses and determine whether sustained attention deficits are responsible for the poor rapid speech sound discrimination deficits reported here. If our results hold, they suggest that suppression of Dcdc2 contributes to specific impairments in speech stream discrimination that are not explained by basic auditory processing.
Altered neural plasticity and implications for intervention
Not much is currently known about the role of dyslexia genes in neural plasticity. Speech training has been shown to drive specific changes in A1 based on task difficulty and stimulus characteristics (Reed et al., 2011; N. D. Engineer et al., 2012) . Whereas rats with knockdown of Kiaa0319 displayed control-like neural responses following training, the current group of trained rats with knockdown of Dcdc2 instead showed decreased precision for speech sound responses and, as in the mouse model described above, increased firing rates.
Although there are a multitude of available interventions for dyslexia, none reports a 100% success rate. Recent neural imaging studies have attempted to investigate the basis for nonresponders with mixed results (Temple et al., 2003; Odegard et al., 2008; Richards and Berninger, 2008) . Our observation that suppression of Dcdc2 alters the course of neural plasticity could be a possible explanation for some of these instances of failed intervention. In addition, the observed increase in neural excitability following training may be a mechanism for increased hyperexcitability in children with dyslexia. Future studies should investigate whether treatment nonresponders are also individuals with variants in DCDC2.
Role of DCDC2 in the dyslexia phenotype
The role of visual versus auditory deficits in dyslexia has been a long and ongoing debate in the field. Variants in the DCDC2 gene have been associated with a range of deficits. In humans, this gene has been linked to reading and vision specific traits (Lind et al., 2010; Cicchini et al., 2015; Gori et al., 2015) , including the magnocellular system, which has been theorized to be deficient in dyslexia (Schulte-Körne and Bruder, 2010; Danelli et al., 2013; Gori et al., 2015) . This gene has also been linked to deficits in visuo-spatial attention (Gori et al., 2015) .
Because of the poor eyesight of albino rats, we were unable to test the visual acuity of our DCϪ rats to directly address this ongoing controversy. We therefore cannot be sure that this gene is not also affecting visual processing. However, because rats do not read, we can be relatively confident that any speech sound processing deficits we report here are due to auditory or higher cognitive processing differences and not due to the relationship between visual deficits and phonological awareness, as has been argued in humans (Reis and Castro-Caldas, 1997; Dehaene et al., 2010; Vidyasagar, 2013) . A recent study demonstrated that the general pattern of phoneme-evoked activation, as measured by multivoxel pattern analysis in fMRI, did not differ between typically developing individuals and those with dyslexia Ramus, 2014) . Variants in this gene may therefore affect access to auditory representations, either instead of or in addition to altering the representations themselves by interfering with brain structure, specifically white matter tract integrity in left hemisphere temporoparietal areas (Paulesu et al., 1996; Swan and Goswami, 1997; Darki and Peyrard-Janvid, 2014) .
One explanation is that the auditory system in children with dyslexia or specific language impairment is especially taxed by rapid stimulus presentation (Nagarajan et al., 1999; Benasich and Tallal, 2002; Wible et al., 2002) , as we describe in the current study. Another possibility is that the brains of children with dyslexia are less able to keep their working memory for auditory stimuli up to date, especially when information must be quickly updated (Ahissar et al., 2006; Chandrasekaran et al., 2009 ). Increased neural excitability could also affect the transmission of information between brain regions. This result is compatible with either of the frameworks described above and would explain why performance fell dramatically in DCϪ rats when presentation rate increased.
Limitations and future directions
The main limitation in the current study is the sample size in the behaviorally trained group. Although only three DCϪ rats were tested, each of the animals performed significantly worse than controls, which suggests that this behavioral deficit is a consistent feature in rats with Dcdc2 suppression. Nevertheless, it is possible that, with a larger sample size, we may see some behavioral performance levels that are more similar to our previous work with Kiaa0319 knockdown rats. Therefore, the conclusion that these two genes result in different behavioral and neural profiles needs to be confirmed with larger sample sizes.
It is important to be cautious when interpreting results from studies in rodents in the context of a human disorder. Although rats show human-like levels of accuracy on speech sound discrimination tasks (C. T. Ranasinghe et al., 2012; Perez et al., 2013) , these sounds are not ecologically relevant for rodents and the effect of these genes on phonological processing may differ in humans. Future work is needed to determine whether the unique profiles seen in rodents with either Kiaa0319 or Dcdc2 knockdown are similar to those seen in humans with variants in these same genes. To directly test the translational value of the results reported here, we are currently designing additional studies to investigate the hypothesis that the connection between A1 and other brain areas is impaired in dyslexia by evaluating speech stream processing using techniques in humans with better temporal precision than fMRI, such as MEG. The results of the current study demonstrate that variants in Dcdc2 impair auditory processing of speech stream stimuli in a different way than variants in another candidate gene, Kiaa0319, and provide one possible way the former gene may contribute to dyslexia in humans.
